Aerobic and anaerobic chloroplastic respiration was monitored by measuring "4CO2 evolution from [14C]glucose in the darkened spinach (Spinacia oleracea) chloroplast and by estimating the conversion of fructose 1,6-bisphosphate to glycerate 3-phosphate in the darkened spinach chloroplast in air with O2 or in N2 with nitrite or oxaloacetate as electron acceptors. The pathway of 14CO2 evolution from labeled glucose in the absence and presence of the inhibitors iodoacetamide and glycolate 2-phosphate under air or N2 were those expected from the oxidative pentose phosphate cycle and glycolysis. Of the electron acceptors, 02 was the best (2.4 nanomoles CO2 per milligram chlorophyll per hour), followed by nitrite and oxaloacetate. With respect to glycerate 3-phosphate formation from fructose 1,6-bisphosphate, methylene blue increased the aerobic rate from 3.7 to 5.4 micromoles per milligram chlorophyll per hour. A rate of 4.8 micromoles per milligram chlorophyll per hour was observed under N2 with nitrite and oxaloacetate.
to take advantage of the fact that the decarboxylative reaction catalyzed by the NADP dependent gluconate-6P dehydrogenase of the oxidative pentose-P cycle appears to be the sole enzyme responsible for the release of CO2 during glucose degradation by the darkened chloroplast (10) . For this reaction to continue, the NADPH generated must be reoxidized; otherwise, the NADP pool will become depleted and/or inhibitory levels ofthe NADPH will form. The success by which different terminal electron acceptor systems (e.g. 02, NO2-, and OAA) achieved this goal was measured by monitoring the evolution of "'CO2 from darkened spinach chloroplasts externally supplied with ["'C]glucose.
Another potential site of chloroplastic respiration lies in the oxidation of glyceraldehyde-3P to PGA by glyceraldehyde-3P dehydrogenase. A variety of terminal electron acceptors were tested for their ability to reoxidize the generated NAD(P)H, thereby supporting a continuation of the dehydrogenase reaction, by measuring PGA formation in chloroplasts supplied with FBP and aldolase.
Glucose is degraded anaerobically in the darkened pea chloroplast by either glycolysis, or the oxidative pentose-P cycle coupled to glycolysis (10) . The operation of these multienzyme pathways demand a constant supply of oxidized pyridine nucleotide (hydrogen cycle). Inasmuch as there is limited movement of nicotinamide nucleotides between the chloroplast and the cytoplasm, and the plastids apparently lack a mitochondrial type electron transport chain in the dark, completion of the hydrogen cycle related to carbohydrate dissimilation must be accomplished by another route. To account for the oxidation of this NAD(P)H, Kow et al. (4) coined the term 'chloroplastic respiration' and identified molecular oxygen, as well as OAA3 and N02-as potential electron acceptors in reconstituted spinach chloroplast preparations.
In this report, we have turned our attention to mechanisms located within the intact spinach chloroplast which may balance the chloroplastic hydrogen cycle. To FBP was measured by the oxidation of NADH through the combined enzymatic activities of aldolase, triose-P isomerase, and a-glycerol-P dehydrogenase (8) . PGA was determined by the oxidation ofNADH in the presence ofglycerate-3P kinase, and (NAD) glyceraldehyde-3P dehydrogenase (2).
Chi Determination
Chl was determined by the method of Arnon (1).
Reagents and Enzymes
Glycerate-3P kinase, triose-P isomerase, a-glycerol-P dehydrogenase, and (NAD) glyceraldehyde-3P dehydrogenase was purchased from Sigma. Radioactive glucose was purchased from ICN Radiochemicals and Dupont NEN.
RESULTS AND DISCUSSION
Spinach chloroplasts were shown to release CO2 when incubated with [1-'4C] glucose in the dark under air and N2 (Table I) . Release of glucose C-1 as CO2 reveals the involvement of the oxidative pentose-P cycle. The Fd system, which presumably utilizes molecular oxygen as a terminal electron acceptor in the oxidation of NADPH to NADP (4), expressed a CO2 production rate of 2.44 nmol/mg Chl * h. This rate was unaffected by the presence of MB. Under anaerobic conditions, NO2-, and OAA were used as 'alternate' terminal (9) . Table II shows that the rates of CO2 evolution from darkened spinach chloroplasts given C-1, C-2, and C-6 ['4C]glucose while under N2 were approximately one-half their aerobic rate. The oxidative pentose-P pathway from glucose-6P to pentose-P generates CO2 from only the C-1 of glucose. The fact that C-2 and C-6 are liberated as CO2 reveals that the pentose-P of this pathway is processed through the oxidative pentose-P cycle. In this sequence, the hexose and triose phosphates generated by the oxidative pentose-P cycle can be converted back into glucose-6P by entering the glycolytic pathway at the level of F6P and glyceraldehyde-3P. Table III provides evidence for the glycolytic pathway functioning as a recycling bridge. lodoacetamide, an inhibitor of glyceraldehyde-3P dehydrogenase, helps prevent the formation of PGA and therefore acts to maintain the pool of triose- P made available by the oxidative pentose-P cycle for recycling. Table III shows that an addition of 0.5 mM iodoacetamide caused both the aerobic and anaerobic rates of CO2 evolution to increase. Phosphofructokinase was inhibited by an addition of 3 mM glycolate-2P (3), causing a short-circuiting of glycolysis and thus funneling the glucose pool and all the F6P generated by the oxidative pentose-P cycle into the oxidative pentose-P cycle. The almost twofold enhancement of CO2 evolution from chloroplasts under air or N2 given 3 mM glycolate-2P may be because the reaction catalyzed by FBPase, the gluconeogenic enzyme which counters the reaction catalyzed by phosphofructokinase, is the rate limiting step. The addition of unlabeled 1 mM glucose-6P, which cannot pass through the chloroplastic envelope, did not affect the rate of CO2 evolution, while unlabeled 1 mM PGA, a metabolite known to enter the chloroplast, decreased the rate of CO2 evolution by 71%. Pi (1 mM) also inhibited the rate of CO2 evolution, ostensibly by promoting the export of triose-P, and thus reducing the rate of recycling. These results are taken as evidence that CO2 evolution is a property of the intact chloroplast.
Nucleotide turnover is also essential if the oxidation of glyceraldehyde-3P to PGA is to continue. Table IV shows the effectiveness of various terminal electron acceptor systems in carrying out this role, as judged by their ability to support PGA formation from FBP. Under air, the rate of PGA formation could be improved by 37% if 0.01 mM MB, an artificial electron acceptor, was present. The autooxidizable MB was the best electron acceptor tested, as shown by it yielding the highest rate ofPGA formation. MB reacts directly with reduced pyridine nucleotides, efficiently completing the hydrogen cycle. Under N2, the consumption of FBP was reduced by half, and PGA formation was essentially eliminated. Inclusion of the alternate electron acceptors OAA and NO2-caused a 15-fold increase in PGA formation and a 2-to 2.4-fold increase in FBP consumption, respectively.
The two potential fates of FBP can be summarized as: PGA +-FBP --F6P -* Glucose-6P. The consumption of FBP increased about twofold in the presence of MB, but the % yield of PGA decreased. Inasmuch as these chloroplasts lack a PGA phosphatase (7), it can be taken that this result points to the MB system favoring F6P formation over PGA formation. The low yield of PGA apparently results from the oxidative pentose-P cycle functioning at a higher rate than glycolytic oxidation. Due to the apparent rate limiting nature of glucose uptake (8) , no MB effect was observed on [14C]glucose oxidation (not shown) and resulted in an underestimation of the true rate potential of the oxidative pentose-P cycle.
CONCLUSIONS
Intact spinach chloroplasts were examined in the dark for their ability to maintain a hydrogen cycle (the turnover of pyridine nucleotides) as detailed in the chloroplastic respiration system described by Kow et al. (4) . This balancing of pyridine nucleotides in the chloroplast is essential for the dissimilation of carbohydrates due to the limited movement of nicotinamide nucleotides across the chloroplast's envelope.
The NADPH (generated here by the glycolytic glyceraldehyde-3P dehydrogenase reaction and the gluconate-6P dehydrogenase reaction of the oxidative pentose-P cycle) could be reoxidized in the air by the following sequence of events as first developed by Kow et al. (4) 
(3) Anaerobic conditions prohibit the reaction expressed in Equation 3 from taking place. The anaerobically stressed chloroplasts were, however, able to sustain nucleotide turnover (thereby permiting the dehydrogenase reactions under investigation to continue) when supplemented with the alternate electron acceptors N02-and OAA. Fd could act as the electron donor for the reduction of NO2-to NH3 via nitrite reductase. Additionally, the operation of a malate/OAA shuttle can account for the direct oxidation of NADPH. On the basis of concentration, N02-proved to be the better electron acceptor for the oxidation ofglyceraldehyde-3P under anaerobiosis. The system was saturated by 10 uM nitrite while concentrations in the order of 500 to 700 uM OAA were required. It remains to be determined whether N02-, OAA, and O2 function competitively in establishing a hydrogen cycle in the intact darkened chloroplast.
